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Grand unified theories where the neutrino mass is given by Type II seesaw have the potential
to provide interesting connections between the neutrino and charged fermion sectors. We explore
the possibility of having a dominant Type II seesaw contribution in supersymmetric SO(10). We
show that this can be achieved in the model where symmetry breaking is triggered by 54 and
45 dimensional representations, without the need for additional fields other than those already
required to have a realistic charged fermion mass spectrum. Physical consequences, such as the
implementation of the BSV mechanism, the possibility of the fields responsible for Type II see-
saw dominance being messengers of supersymmetry breaking, and the realization of baryo and
leptogenesis in this theories are discussed.
PACS numbers: 12.10.Dm,12.10.Kt,12.60.Jv
I. INTRODUCTION
The construction of a Grand Unified theory has reached new standards, after the minimal supersymmetric model
based on SO(10) was proposed [1, 2], and a precise calculation of the mass spectrum [3–6] allowed for detailed fitting
of fermion mass parameters [7–10, 13–15].
The minimal SO(10) model, also known as MSGUT, has the smallest indispensable number of couplings in the
superpotential as it uses only the strictly necessary representations. Fermion masses, including Majorana neutrino
masses for the see-saw, are obtained through the vacuum expectation value (vev) of the 126 representation, and an
additional 126 keeps supersymmetry from being broken by D terms. A realistic fermion mass spectrum requires
another Yukawa coupling, this can be achieved by including the 10 representation. To make sure the electroweak
Higgs is a linear combination of at least two doublets, a coupling between 126 and 10 is required, and this is provided
by a 210 field [16]. These four Higgs fields are sufficient, for 210 and 126 can also achieve the symmetry breaking
all the way down to the MSSM. In addition, as in any supersymmetric theory with a see-saw mechanism [17], the
R-parity symmetry which is in the center of the group SO(10) remains unbroken at low energies, providing proton
stability [18] and the lightest supersymmetric partner as a Dark Matter candidate. All these features require only 26
parameters in the superpotential, making the theory tantalizingly predictive.
The fact that the theory is even too predictive for its own good is perhaps no surprise. The superpotential has so
few parameters that the composition of the light MSSM Higgses is completely determined by the symmetry breaking
up to basically one relevant parameter, and so are the neutrino masses[13]. It is now generally accepted that the
MSGUT cannot account for large enough neutrino masses for the most general combination of Type I and Type II
see-saw [10, 13, 15]. In the case of Type II, this could have been suspected from a theory that does not allow for
an intermediate scale below the unification scale MX : roughly speaking, the left-handed triplet providing a direct
Majorana mass for the left-handed neutrino, is too heavy. In The Type I case, the problem is that if 126 is to play
any role in the charged fermion masses, its Yukawa couplings cannot be arbitrarily small. The fitting requires them
to be quite large, and since the Type I see-saw mass is proportional to the inverse Yukawa matrix, again it turns out
too small. The current status is that this model is not viable in its minimal form (for reviews, see [19]).
One is tempted to accept the defeat and abandon the theory altogether, for any extension from the minimal model
destroys predictivity. A possibility is to keep the minimal theory but not to assume low energy supersymmetry. In
fact, the theory can work [20] with strongly split supersymmetry [21]. Splitting supersymmetry on the other hand
makes the model not so special, since one can also have a theory with 16 [22] instead of 126, with a radiative
seesaw mechanism [23]. If one is willing to do away with supersymmetry altogether, one could use the fact that non-
supersymmetric unification not only allows for intermediate scales that could be associated with a B − L breaking
scale, but in fact needs them. Non-supersymmetric SO(10) models are viable, although much less predictive that the
minimal GUT, and some general remarks about its Yukawa sector can be made [24, 25]. Yet another possibility is to
keep the theory intact and hope that the supersymmetry thresholds can be large enough to make it work [26].
However, it may be worthwhile to set one’s scruples aside and study the consequences of enlarging the minimal
model. One road is to change the Yukawa sector, allowing for a complete one, i.e. including the only other possibility
of a 120 representation, as pursued for example in [10–12, 27]. In this case the 126 Yukawa couplings can be lowered
to enhance Type I seesaw masses, but one must resort to large supersymmetry breaking threshold corrections in order
to lower down type quark Yukawa couplings from their SM values. This in turn can lead to significant constraints
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2on the usable soft Susy parameters, implying for instance large trilinear soft Susy breaking scalar couplings and a
heavy third scalar generation (see last paper in [11]). Another way is to relax the constraints on the MSSM Higgs
composition by changing the non-Yukawa sector, as done for example in [28].
If the Yukawa sector is taken to be complete, even a model with minimal choice of the symmetry-breaking potential
has a large number of fields at our disposal (with, admittedly, the corresponding loss in predictivity). In this paper,
we explore the possibility of using this plethora of fields to achieve Type II see-saw dominance, by identifying a series
of states that cancel out the triplet contribution to the RGE equations and determining whether they can have a low
mass [49].
Neutrino masses arising mainly from a Type II term are attractive for a number of reasons. First, as shown by Bajc,
Senjanovic´ and Vissani (BSV) [24, 29], small quark mixing angles and large atmospheric neutrino mixing are naturally
obtained, and connected to b−τ unification at the GUT scale. This prediction by itself is an appealing enough feature
as to justify the study. But additionally, the triplet responsible for Type II, together with the fields required to cancel
out its contribution to the RGE equations, can be an attractive messenger for supersymmetry breaking as proposed
by Joaquim and Rossi [30]. This provides relations between the neutrino mass parameters, lepton flavour violation in
the slepton sector, and the sparticle spectra. Another interesting role for a light triplet appears in leptogenesis [31].
It is certainly worth investigating whether an SO(10) GUT can accommodate such scenario. In the model with a
GUT Higgs breaking triggered by a 210, this has been done in [28] by adding a 54 representation, whose only role is
to provide a pair of light 15,15 of SU(5), that contain the Type II triplet. A different approach is followed in [32, 33],
where instead of enlarging the Higgs sector one adds extra matter fermions in an additional 10 representation. This
ensures Type II dominance and the survival of complete SU(5) representations to protect unification.
On the other hand, the 54 serves perfectly well by itself for GUT symmetry breaking, and is a natural alternative
to 210 as long as there is also 45 at the renormalizable level, as proposed in [34, 35]. Why would one trade one
representation for two, increasing the number of free parameters? One important advantage is the smaller number of
fields in 54 + 45, which renders the theory less infrared slaved. However, a realistic charged fermion mass spectrum
requires the presence of 126 and 10 Yukawas, and without 120 these fields cannot mix. In this sense, the minimal
realistic renormalizable model with 54 and 45 GUT Higgs contains a complete Yukawa sector. We shall focus on this
version of SO(10) unification.
We start in the next section by exploring the possibility of having a light triplet in a renormalizable SO(10) theory.
To orientate the discussion, we focus on the minimal model with 210. We show that realization of the Type II
dominance scenario is problematic: the minimal model has too few parameters, and any deviation from minimality
worsens the already pressing problem of perturbativity. Yet, it is possible to have a light triplet by adding a 54
or completing the Yukawa sector with a 120, and the triplet mass is in principle only bounded from below by
perturbativity concerns.
In Section III, we turn to the model with 54 and 45, more economical in terms of contributions to the RGE
above MGUT . We first present a complete study of the symmetry breaking and calculate the mass spectra. Next, we
show that in this case there are two different settings where the triplet can remain light. We examine the physical
consequences in Section III. For one of the settings, the possibility of supersymmetry mediation is easily realized,
preserving most of the predictions of Ref. [30]. Connection of b− τ unification with the atmospheric mixing angle as
in [24] is also achievable. We conclude that Type II dominance can be implemented in an SO(10) model without a
need to enlarge the Higgs sector in an ad hoc manner.
II. GENERAL CONSIDERATIONS
Intermediate scales are not allowed in supersymmetric grand unification, simply due to the fact that there is a very
precise, one-step unification with a supersymmetric scale of the order TeV from the RGE equations at two-loop order
[36]. The set of three linear equations for the gauge coupling constants at one-loop,
αi(MW )
−1 = α−1U −
bi
2pi
ln
(
MGUT
MW
)
(1)
does not admit a second solution, and naturally this cannot change much at the two-loop level. However, it is still
possible to have a light triplet while all the vevs lie at the unification scale, if the triplet’s contribution to the beta
functions at one loop is exactly cancelled by the contribution of other light particles. A way to achieve this is to
arrange for one complete GUT multiplet to be light, as attempted in [28], where an additional 54 representation
is added on top of the MSGUT in order to ensure a breaking through the intermediate group SU(5) that leaves a
complete 15-dimensional SU(5) representation, containing the required SU(2) triplet, light.
Another possibility is to arrange for the masses of the triplets and additional light particles to lie below MGUT .
Notice that this does not have to be a very fine tuning, namely, a couple of orders of magnitude should suffice. In
3order to find the ”magic” fields, we implement an algorithm that looks for all possible combinations of states in a
given model that satisfy the conditions ∑
i
δbi1 − δbi2 =
∑
i
δbi1 − δbi3 = 0 (2)
where δbi1 is the contribution of the state i to the one-loop β function for gauge coupling gk, and demand that one of
these states be the Type II triplet. Let us put this to work in the minimal model first.
The so-called minimal supersymmetric SO(10) GUT is remarkably simple. In addition to the 126,126 needed for
neutrino mass, and the 10 required to have a realistic fermion mass spectrum, only 210 is necessary to perform all
the symmetry breaking. The Higgs superpotential is then
WH = m1 210
2 +m2 126126+ λ1 210
3 + η 12612645+m310
2 + 210(α126+ α¯126)10 (3)
This model has been thoroughly studied [3–6]. In the MSSM minimum, the masses of fields in 126126 and 210
can be written in terms of an overall mass scale, the couplings λ1 and η, and a dimensionless parameter x related
to m1 and m2. The light Higgs are a combination of doublets in 10,126 and 126, completely determined by the
symmetry breaking.
Demanding conditions (2) to be satisfied, we have found only three possible candidate sets that include the left-
handed triplet. In terms of their SU(3)× SU(2)× U(1) quantum numbers, they are:
[A] : (8, 1, 0) + (3, 1± 1/3) + (1, 3,±1) (with ∑i δbik = −4)
[B] : (6, 1,±2/3) + (3, 2± 1/6) + (1, 3,±1) (with ∑i δbik = −7)
[C] : (6, 1,±1/3) + (1, 2± 1/2) + (1, 3,±1) (with ∑i δbik = −5)
The first set of fields [A] contains a color triplet with hypercharge ±1/3, which mediates proton decay and therefore
cannot be allowed to be light. The second set [B] is a complete SU(5) representation, the 15. In this model, it is
contained entirely in 126. In the MSSM minimum the masses of these fields are given by [5]
m1,3,±1 = −4 (η/λ1)m1 x
(
4x2 − 3x+ 1) / (x− 1)2 (4)
m6,1,±2/3 = −4 (η/λ1)m1 (1− 3x) / (x− 1) (5)
m3,2±1/6 = −2 (η/λ1)m1
(
4x3 − 6x2 + 5x− 1) / (x− 1)2 (6)
It is clearly not possible to adjust the only free parameter available, x, so that all of them are light. It can only
happen in the SU(5) -preserving minimum which is of no interest to us.
A similar situation happens for the set [C] : the sextet and triplet fields cannot be simultaneously light. In this
case notice that the set is not formed by a complete representation of any SO(10) subgroup.
However as argued in the introduction, the minimal model cannot fit the fermion masses in any case. Adding a
120 the most general superpotential becomes
∆W = m4120
2 + α21010120+ (β 126+ β¯ 126)210120+ λ2210120
2 + (γ 126+ γ¯ 126)21010 (7)
The symmetry breaking pattern is unchanged, and so are the masses of the triplet and the color sextet of case [B]. The
sextet of set [C] however now is a mixture of fields in 120 and 126,126. The doublets are a copy of the MSSM Higgs
which have contributions from all the representations, so in principle one would have at hand enough parameters to
tune the masses of all three fields in the set to any desired value.
The problem with this scenario is that any addition of representations on top of the minimal model with 210 makes
perturbativity a concern. Imposing that the Type II triplets and their companion fields are also light only worsens
the situation.
One may be better off including a 54 instead of the 120, as in [28]. There the proposal is slightly different: in order
to keep the 15 of SU(5) light (our case [C] ), the symmetry breaking is done in two stages. SO(10) is broken at a
high scale 1018 GeV down to an SU(5). At MGUT SU(5) is broken and one 15 is made light by choosing some of the
effective potential parameters, so that it only receives a mass from higher dimensional terms. The Type II triplet can
then have a mass of order 1014 GeV. However notice that in fact adding a 54 gives enough additional parameters to
tune the mass of the three fields in 15 to any value, and the same can be said for fields in case [C] . Then the lower
limit on the mass of the triplet is set only by requiring perturbativity near the GUT scale.
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FIG. 1: Allowed values of supersymmetry log(m3/2/GeV ), unification scale log(MU/GeV ) and inverse unified gauge coupling
1/αU as a function of log(M∆/GeV ) for two-loop unification. M∆ is the common mass scale of the left-handed triplet and the
remaining fields in sets [B] (red diamonds) and [C] (blue circles).
Conditions (2) guarantee that the light fields do not spoil unification only at the one-loop level. And clearly, the
unified coupling constant value is affected by the presence of the extra fields below MGUT . Let us be more precise,
by solving the two-loop equations for different values of the masses of the fields in cases [B] and [C] ( keeping them
equal). Results are given in figure 1.
The effect on the unification scale is very small, it gets raised for light triplets. The supersymmetric scale in turn
gets slightly lower. But the unified gauge coupling grows significantly. Of course, threshold effects may be very
important here. However it is useful to compare the contribution to the β coefficients of all the fields in each of the
models, as in Table I. We see that the most economical version of the theory is the one replacing 210 by a 54, 45
pair. We now turn to discuss this model.
5Field content b
10 + 126 + 126 +210 -109
10 + 126 + 126 +210 + 54 -121
10 + 126 + 126 +210 + 120 -137
10 + 126 + 126 + 54 + 45 + 120 -101
TABLE I: Contribution to the β function in different SO(10) models
III. SO(10) WITH 54 AND 45
A. Symmetry breaking
If 210 fails to the the job, it is not difficult to pinpoint the alternative model. Once we include 126,126, the
smallest representation that can break the symmetry is 45. However, it is easy to see that by itself it cannot achieve
all the breaking: the SU(5) singlets in 45 and 126, 126 take the vev, and the breaking stops there. The next
possibility is the 54 representation, but again it cannot work by itself, for the singlet in 54 does not couple to the
singlets in 126, 126. Both representations are therefore needed, as has been argued in [34], and are sufficient also.
In its turn, the choice of these fields automatically implies that the Yukawa sector has to be complete, in the sense
that all the representations that can couple to the fermions have to be included. The argument is as follows. The
fermions in SO(10) are in the 16 dimensional spinor representation, and we have
16× 16 = 10+ 120+ 126 (8)
A 126 field is indispensable for neutrino mass. It is then obvious that one cannot have just one Yukawa coupling, for
the down quarks and charged leptons mass would be equal at MGUT , for all generations. One needs at least one more
coupling, but this does not suffice, since it is necessary to ensure that the new field also acquires a vev. Or in other
words, the MSSM Higgs doublets have to be a combination of doublets in at least two different representations. In
the theory with 54 and 45 the candidate is 120, since it has a coupling
45126120 (9)
However, not even this suffices. As discussed in [25], the Yukawa sector with 126 and 120 only gives wrong relations
between the tau and the bottom quark at MGUT
mτ ∼ 3mb (10)
while for a supersymmetric model, one would need mτ ∼ mb at the unification scale. The correct relations are instead
provided by the combination of 126 and 10, but neither 45 nor 54 can mix these doublets. They can only mix
through the existence of 120, for then one has the couplings
α4510120+ β 45126120 (11)
To summarize, the Higgs sector is composed of
• 126, for neutrino mass, and of course 126
• 45 and 54 to help break the symmetry down to the MSSM
• 10 to have a realistic fermion mass spectrum
• 120 to provide the mixing between the Higgs doublets
The most general superpotential for the Higgs sector can be written schematically as:
W =
4∑
i=1
mi φ
2
i +m5126126+
6∑
i=1
λi φ
2
i 54+ η 12612645+ α4510120+ (β 126+ β¯ 126)45120 (12)
where i = (1, 2, 3, 4, 5, 6) = (45,10,120,54,126,126) . The detailed superpotential is presented in the Appendix.
6H s a b σ2
SO(10) 0 0 0 0
SU(4)× SU(2)× SU(2) −m4/2λ4 0 0 0
SU(3)× SU(2)× SU(2)× U(1) −m1/8λ1 ±
√
5m1(λ4m1 − 4λ1m4)/8λ3/21 0 0
SU(3)× SU(2)× U(1)× U(1) m1/12λ1 0 ±
√−5m1(λ4m1 + 6λ1m4)/12λ3/21 0
SU(5) 0 −m5/5η m5/5η −m1m5/5η2
TABLE II: Patterns of incomplete symmetry breaking, SO(10) → H. The sixth solution, corresponding to breaking to the
MSSM, is discussed in the text.
As usual, it is convenient to decompose the SO(10) fields under the Pati-Salam SU(4)C ×SU(2)L×SU(2)R group.
The MSSM singlets in each representation are
〈(1, 1, 1)54〉 ≡ s ; 〈(15, 1, 1)45〉 ≡ a ; 〈(1, 1, 3)45〉 ≡ b ; 〈(10, 1, 3)126〉 ≡ σ ; 〈(10, 1, 3)126〉 ≡ σ (13)
So that the superpotential for these singlet fields is
W = 15m4 s
2 + 20λ4 s
3 − m1
2
(3a2 + 2b2)− 12 s λ1(a2 − b2) +m5 σ σ + η σ σ (3a− 2b)
The symmetry breaking equations
Fs = m4 s+ 2λ4s
2 − 2
5
λ1(a
2 − b2) = 0
Fa = m1 a+ 8λ1 a s− η σσ = 0
Fb = m1 b− 12λ1 b s+ η σ σ = 0
Fσ = m5 σ + η σ(3a− 2b) = 0
Fσ = m5 σ + η σ(3a− 2b) = 0 (14)
have six different solutions presented in Table II. Five of them are either trivial or break the symmetry to intermediate
groups, and are presented in Table II. The sixth is the one of interest, and is given by
s =
m1
4λ1
(1− x)
a =
m5
η
(2− 3x)
5x
b =
m5
η
(3− 2x)
5x
σ =
√
m1m5
η2
(2− 3x)(3− 2x)
5x
(15)
with
m4
m1
= (x− 1) λ4
2λ1
−
(
4
5
λ1
η
m5
m1
)2
(x+ 1)
2x2
(16)
The symmetry breaking is then completely specified by one overall mass scale, one mass ratio, one free complex
parameter x and the three couplings λ4, λ1, η.
The parameter x can in principle be chosen arbitrarily, as long as particular points where the symmetry breaking is
incomplete (such as x = 0, 1, 3/2 or 2/3) are avoided. In order to be more precise, it is necessary to calculate explicitly
the mass spectrum. This has been done in [4] without specializing to a symmetry breaking pattern, by using the
tensor methods of reference [37]. We have checked their results by calculating all masses directly: we first identify all
Standard Model states in each of the SO(10) representations, and then compute the complete superpotential in terms
of these states and the vevs. Then fermion mass matrices of states (ψi, ψ¯i) are found by straightforward derivation
Mij =
[
∂2W
∂ψ¯i∂ψj
]
φi=0
(17)
7We have found complete agreement with [4] up to overall phase factors. Also, the matrices have been checked to
provide the correct number of pseudo-Goldstone bosons in each of the symmetry breaking patterns, and in the case
of partial symmetry breaking, to give correct relations for states in the same multiplet. The resulting mass pattern is
shown in the Appendix.
B. Arranging Type II see-saw dominance
The possible sets of ”magic” fields in this model are found to be the same as in the 210 version. But in this case
the number of parameters is enough to tune all their masses as we now show.
We first consider the complete 15-dimensional SU(5) representation of set [B]. The mass matrices of (6, 1,±2/3)
and (1, 3,±1) ( numbers 1 and 6 in the Appendix respectively) will have a zero eigenvalue if
m5
m1
=
5ηx2
4λ1
√
λ4(1− 9x)
2λ1(1 + x)
(18)
with either
x = 1; or x =
13R+ 2± 5√R2 + 4R+ 1
12R− 7 , R ≡
λ1λ5λ6
λ4η2
(19)
The solution with x = 1 means the symmetry is broken just up to SU(5). However, the second solution will not give
an SU(5) symmetric vacuum as can be checked explicitly. Then, since the matrix (number 3 in the Appendix) for
the (3, 2± 1/6) states already contains a zero eigenvalue (the pseudo-Goldstone boson), the equation
5∑
i
SDeti(M3) = 0 (20)
where SDeti are the minors of the (i, i) element of the mass matrix, must be solved for, say, m3. We do not include
the solution due to its length. Once m5, m3 and x are fixed, m2 is given by the requirement of fine-tuning of the light
Higgs mass (matrix 17 on the Appendix). Thus the complete spectrum can be obtained in terms of one overall scale,
m1, and the couplings. For example, one point is found to be
m5
m1
= 0.9482892551,
m3
m1
= 6.975439986,
m2
m1
= 0.2900315456,
x = 1.384232261, λ1 = λ2 = −1, η = 0.25, other couplings = 1 (21)
The third set of fields [C] is more difficult to deal with, since it includes the doublet states and therefore contains
the light SM Higgs. The states do not form a multiplet of any SO(10) subgroup, cancellation of their contributions
to the β coefficients is fortuitous. The corresponding matrices are number 6, 12 and 17 in the Appendix. Only matrix
6 can be solved independently for m5, the other 3 zero eigenvalues have to be found by solving simultaneously the
equations
Det(M12) = 0, Det(M17) = 0,
5∑
i
SDeti(M17) = 0 (22)
for m3,m2 and x. Equations are however intractable analytically. It is more convenient to set all couplings to a fixed
value, and then solve numerically. One example point we have found is
m5
m1
= 1.139049181,
m3
m1
= −0.6168590170, m2
m1
= −0.6736019338,
x = 0.75, α = 1.129419783, other couplings = 1 (23)
Clearly, variations around this set of parameters can provide non-zero but equal values for the magic fields’s masses.
8IV. PHYSICAL IMPLICATIONS
A. Supersymmetry breaking mediation
In case [B] , one can implement the scenario of Joaquim and Rossi [30] in a straightforward manner. Let us recall
briefly how it works. The essential point is that the Higgs triplet responsible for the type II seesaw acts at the
same time as a messenger of supersymmetry breaking. This in turns implies that the off-diagonal slepton masses are
determined by the same Yukawa couplings that give the neutrino mass matrix, and thus the leptonic flavor violation
is controlled by the leptonic mixing matrix. In short, one ends up predicting the relative branching ratios of the
muon and tau rare decays. Their work is based on the SU(5) grand unified theory, with the addition of a full 15
multiplet. In their program the mass of this multiplet is not determined by the unification constraints, as opposed to
the situation discussed here. The advantage of SO(10) is that this representation is already contained in the theory
in order to correct the mass relations of charged fermions, the price to pay is a more complicated setup . In any case,
their main results regarding LFV translate intactly.
The presence of the doublets in [C] poses a problem for the implementation of these fields as supersymmetry
breaking messengers. All fields in 126 would have to couple to the hidden sector, and while most of the fields in the
representation would have masses at the GUT scale, it also takes part in the composition of the MSSM Higgs. The
MSSM Higgs as messengers of supersymmetry breaking is a rather interesting possibility as suggested in [38]. It has
the problem of a tachyonic stop [39], due to the large top Yukawa coupling. This could be in principle suppressed
by a making the contribution of the 126 to the light Higgs relatively smaller. A complete fit of fermion masses and
mixings is then required, which is beyond of the scope of the present work.
B. Atmospheric neutrino mixing and b− τ unification
Implementing the BSV mechanism of [24] is not so direct. Namely, now the Yukawa coupling with 120 also gives
contributions to the fermion masses, and in a non-trivial way, since 120 contains two different doublets: one is a
singlet of SU(4), (we shall denote it 120I) , an the other is in the 15 representation (120II). Following the notation
of [29] one has the following expressions for the charged fermion mass matrices:
MU = v
u
10 Y10 + v
u
126 Y126 + Y120(v
u
120I + v
u
120II )
MD = v
d
10 Y10 + v
d
126 Y126 + Y120(v
d
120I + v
d
120II )
ME = v
d
10 Y10 − 3vd126 Y126 + Y120(vd120I − 3vd120II ) (24)
while from Type II seesaw we have for the neutrino
Mν = Y126vT (25)
with vT the vev of the triplet. We have
Mν ∝MD −ME + c Y120 (26)
with c a constant.
To see the effect of the 120 couplings, let us consider the second and third generations only as in [24]. We work
in the basis where ME is diagonal, so Mν determines the leptonic mixing angles. We know the quark mixing angle
is small, and it is plausible that the down quark mixing is small also (this was shown to be true in [29] for the case
without a 120).
Therefore using the fact that the couplings of 120 with fermions is asymmetric, neglecting second generation masses
and down quark mixings we get
Mν ∝
(
0 c
−c mb −mτ
)
(27)
This means that for mb ' mτ , the atmospheric neutrino mixing angle θA ' 45o for any value of c. Of course, this is
a rough approximation. It may be that in the general case, in order for BSV to work c is required to be small. This
is a question worth of a more detailed analysis [40]. We only point out here that Y126 can in any case be made small,
since the role of 120 in this model is not to fix the fermion masses but to provide a mixing between 10 and 126.
9C. Baryo and leptogenesis, proton decay
It is rather tempting to try figure out, if possible, how baryogenesis could have taken place in a theory such as the
one discussed here. Unfortunately, it is not an easy task for there a number of different, perfectly realistic scenarios,
that could lead to a baryon asymmetric Universe such as ours.
Electroweak baryogenesis. It is well known that the MSSM is custom fit for the electroweak baryogenesis as long
as one of the stops is sufficiently light, lighter than the top quark [41]. The low energy-effective theory of the
supersymmetric SO(10) is precisely MSSM, so this would go intact if the stop was to be light.
Affleck -Dine baryogenesis. It could turn out that the stops are heavy, so that electro-weak baryogenesis does not
work. That is not a problem, for this theory has a number of flat directions which break baryon and/or lepton number.
In particular, one has unbroken R-parity which ensures such flat directions, offering a natural implementation of the
mechanism of Affleck and Dine [42] for baryogenesis. Even if the stop was light, we would not know what caused the
genesis, since both mechanisms could equally well be operative.
Leptogenesis.
SO(10) grand unified theory is an ideal framework for leptogenesis [43] through right-handed neutrinos. This
appealing scenario makes good use of the Majorana nature of right-handed neutrinos. The possible lightness of
the Higgs triplet responsible for the Type II seesaw has important implications for this [31], in that it enlarges the
parameter space. This may be important in a model restricted by the SO(10) symmetry, where neither the Yukawas
nor the scales are arbitrary. A nice example is the detailed calculation made by [32] in their model with additional
matter fields, where constraints coming from requiring successful leptogenesis are later used to get constraints in
flavour-violating observables [33].
However, the possibility of the co-existence of the above mechanisms for baryogenesis renders it virtually impossible
to know in any near future, if ever, how genesis took place. Whether or not this is a curse of a blessing is up to the
reader to decide.
Proton decay.
Grand unification was hoped to be originally the theory of proton decay, but the task of computing the decay rate
and the branching ratios is a tremendously hard task. In supersymmetric theories so much more since one does not
know the spectrum of super partners. However, the d=5 operators in general lead to a very fast proton decay unless
the GUT scale is above 1017 GeV or so [44]. It turns out that the threshold effects in supersymmetric grand unified
theories are large enough even in the minimal SU(5) theory [45] and GUT scale can be easily as large as even the
Planck scale. In other words, it is conceivable in principle that the proton decay be out of reach of the next generation
proton decay experiments now planned [46], which would could be quite a blow for grand unification. Fortunately,
the consistency of quantum gravity requires the upper limit [47] on any scale of new physics Λ .MPl/
√
N(Λ), where
MPl ' 2 × 1018 GeV stands for the reduced Planck scale and N(Λ) for the number of species at the scale Λ. Thus
the consistency requires MGUT . 1017 GeV with N(MGUT ) ' 103 in the model under investigation, and thus clearly
offers great hope for the observation of proton decay. This is actually a quite general feature of supersymmetric grand
unification in spite of large threshold effects [48].
V. SUMMARY AND OUTLOOK
We have shown that Type II see-saw dominance in the neutrino mass matrix can be achieved in SO(10) models
without adding ad hoc fields for this purpose. The theory where the symmetry breaking is achieved by representations
54 and 45, although it requires a complete Yukawa sector, is the one where perturbativity of the gauge couplings
near and above MGUT can most easily be ensured.
We find two different possibilities of fine-tuning the mass of the Type II triplet together with some fields that
cancel out their RGE contributions. The first one is made of a complete SU(5) 15, and the triplet can be as light as
1014 GeV. It can be a messenger of supersymmetry breaking following the lines of [30], preserving basically all their
predictions. The second one is a combination not forming a complete representation of an SO(10) subgroup, which
includes a pair of doublets similar to the MSSM Higgs. In this case the triplet scale can be one order of magnitude
lower, but the role of these light fields as supersymmetry breaking messengers is not completely clear. Namely, the
SM scale doublet would be a natural messenger too, and a careful study is needed before one can know whether
this works or not. While in the MSSM this cannot work since the stop becomes tachyonic, here there is in principle
enough freedom to be realistic, an interesting question that however requires a detailed analysis beyond the scope of
this paper. .
The BSV mechanism can be realized for these light triplets in both cases. The 120 Yukawa coupling is shown to
preserve the connection between b− τ unification and the quark and neutrino mixing angles. This is very important
for it illustrates nicely the possibility of the co-existence of small quark and large lepton mixing angles.
10
Admittedly, the theory becomes baroque and we do not propose it as the minimal realistic supersymmetric grand
unified theory. We do not claim that is the road to follow, but we take it rather as an illustration of the price one
needs to pay in order to have a transparent picture of Type II seesaw in the context of renormalizable supersymmetric
SO(10). Perhaps the most disappointing aspect of this and similar theories is the impossibility of making predictions
for proton decay before one knows the masses and mixings of the superpartners. We still believe that such studies as
ours are useful for they show that a great deal of information can be obtained on the heavy particle spectra in spite
of the complexity of the representations involved. We hope that in this sense this work can be of use to practitioners
in the field.
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Appendix: Mass spectrum of SO(10) theory with 54 and 45
After symmetry breaking, the SO(10) representations decompose into 19 different states, and for most of them
there is more than one particle, resulting in mass matrices mixing the contributions form the different SO(10) repre-
sentations. The mass matrices were calculated directly from the superpotential, written explicitly as
W =
m1
4
AijAij +
m2
2
HiHi +
m3
12
CijkCijk +
m4
4
SijSij +
m5
5!
ΣijklmΣijklm
+ λ1AijAjkSki +
λ2
2
HiHjSij +
λ3
2
CijkCijlSlk +
λ4
3
SijSjkSki
+
λ5
4!
ΣijklmΣijklpSmp +
λ6
4!
ΣijklmΣijklpSmp +
η
4!
ΣijklmΣijklpAmp
+
β
6
AijCklmΣijklm +
β¯
6
AijCklmΣijklm +
α
2
AijHkCijk (28)
where
S = 54, A = 45, C = 120, H = 10,Σ = 126,Σ = 126
We first identify all the states in the SO(10) representations, using the same conventions as in [5]. Then the full
superpotential is written in terms of all states and vevs, and for each pair of states (ψi, ψ¯j) the fermion mass matrices
are found by
Mij =
[
∂2W
∂ψ¯i∂ψj
]
φi=0
(29)
We give here the results, written in terms of the vevs in (15). States are identified by their SU(3)C , SU(2)L, SU(2)R
quantum numbers and their Y/2. The T3L, T3R values are given as superscripts when necessary (±being a shorthand
for ±1/2).
1. (54611,126613+) , Y/2 = ±2/3
M1 =
[
m4 − 8λ4s 2λ5σ
√
2
2λ6σ¯
√
2 m5 − η (a− 2b)
]
2. (54811,45811), Y/2 = 0
M2 =
[
m4 − 8λ4s 4λ1a
−4λ1a m1 + 8λ1s
]
11
3. (54322+ ,45322+ ,120322− ,126322− ,126322−), Y/2 = ±1/6
M3 =

2λ4s+m4 2λ1(a+ b) 0 0 2λ6σ¯
√
2
−2λ1(a+ b) −2λ1s+m1 2 β¯σ¯ η σ¯
√
2 0
0 2βσ −2λ3s+m3 β
√
2(a− b) β¯√2(a+ b)
0 −η σ√2 −β¯√2(a− b) η (2a− b) +m5 −10λ6s
2λ5σ
√
2 0 −β√2(a+ b) −10λ5s − η (2a− b) +m5

4. (54322− ,45322−), Y/2 = ±5/6
M4 =
[
m4 + 2λ4s 2λ1(a− b)
−2λ1(a− b) m1 − 2λ1s
]
5. (541330 ,45131), Y/2 = 0
M5 =
[
m4 + 12λ4s −4λ1b
4λ1b −12λ1s+m1
]
6. (54133− ,126131), Y/2 = ±1
M6 =
[
m4 + 12λ4s 2λ5σ
√
2
2λ6σ¯
√
2 m5 − 3 η a
]
7. (54111,45111,451130 ,126113− ,126113+), Y/2 = 0
M7 =

m4 + 4λ4s −4
√
2/
√
5λ1a 4
√
3/
√
5λ1b 0 0
−4√2/√5λ1a −m1 − 8λ1s 0 η σ¯
√
3 η σ
√
3
4
√
3/
√
5λ1b 0 −m1 + 12λ1s −η σ¯
√
2 −η σ√2
0 η σ¯
√
3 −η σ¯√2 m5 + η(3 a− 2 b) 0
0 η σ
√
3 −η σ√2 0 m5 + η(3 a− 2 b)

8. (45311,120313+ ,126313+), Y/2 = ±2/3
M8 =

m1 + 8λ1s 2βσ −η σ
√
2
2 β¯σ¯ m3 + 8λ3s −2 β¯a
√
2
η σ¯
√
2 2βa
√
2 m5 + η (a− 2b)

9. (45113+ ,120111,1261130), Y/2 = ±1
M9 =

m1 − 12λ1s 2βσ −η σ
√
2
2 β¯σ¯ m3 − 12λ3s 2 β¯b
√
2
η σ¯
√
2 −2βb√2 m5 + 3 η a

12
10. (126311,126311,1263130 ,120311,1203130 ,10311), Y/2 = (+1/3,−1/3)
M10 =

m5 − η a 20λ5s 0 2βb −2βa 0
20λ6s m5 + η a 0 2 β¯b 2 β¯a 0
0 0 m5 + η a −2 β¯a
√
2 −2 β¯b√2 0
−2 β¯b −2βb 2βa√2 m3 + 8λ3s 0 −α
√
2b
2 β¯a −2βa 2βb√2 0 m3 − 12λ3s −α
√
2a
0 0 0 α
√
2b α
√
2a m2 − 2λ2s

11. (120331,126331), Y/2 = ±1/3
M11 =
[
m3 + 8λ3s −2 β¯a
√
2
2βa
√
2 m5 − η a
]
12. (120611,1266130) , Y/2 = ±1/3
M12 =
[
m3 − 12λ3s 2 β¯b
√
2
−2βb√2 m5 − η a
]
13. (126631),Y/2 = ±1/3
M13 =
[
m5 + η a
]
14. (126113+), Y/2 = ±2
M14 =
[
m5 + η (3a+ 2 b)
]
15. (120313− ,126313−), Y/2 = ±4/3
M15 =
[
m3 + 8λ3s −2 β¯a
√
2
2βa
√
2 m5 + η (a+ 2b)
]
16. (126613−),Y/2 = ±4/3
M16 =
[
m5 − η (a+ 2 b)
]
17. (126122− ,126122− ,1201′22− ,120122− ,10122−), Y/2 = ±1/2
M17 =

m5 − η b −10λ5s β
√
2(2a− b) −βa√2√3 0
−10λ6s m5 + η b β¯
√
2(2a+ b) β¯a
√
2
√
3 0
− β¯√2(2a− b) −β√2(2a+ b) m3 − 2λ3s 0 −αa
√
3
β¯a
√
2
√
3 −βa√2√3 0 m3 + 18λ3s −α b
0 0 αa
√
3 α b m2 + 3λ2s

18. (120322− ,126322− ,126322−), Y/2 = ±7/6
M18 =

m3 − 2λ3s −β¯
√
2(a− b) −β√2(a+ b)
β
√
2(a− b) m5 − η (2a+ b) −10λ5s
β¯
√
2(a+ b) −10λ6s m5 + η (2a+ b)

13
19. (120822+ ,126822+ ,126822+), Y/2 = ±1/2
M19 =

m3 − 2λ3s −β¯
√
2(a− b) −β√2(a+ b)
β
√
2(a− b) m5 + η b −10λ5s
β¯
√
2(a+ b) −10λ6s m5 − η b

[1] C. S. Aulakh and R. N. Mohapatra, Phys. Rev. D 28, 217 (1983). T. E. Clark, T. K. Kuo and N. Nakagawa, Phys. Lett.
B 115, 26 (1982);
[2] C. S. Aulakh, B. Bajc, A. Melfo, G. Senjanovic´ and F. Vissani, Phys. Lett. B 588 (2004) 196 [arXiv:hep-ph/0306242].
[3] C. S. Aulakh and A. Girdhar, Int. J. Mod. Phys. A 20 (2005) 865 [arXiv:hep-ph/0204097].
[4] T. Fukuyama, A. Ilakovac, T. Kikuchi, S. Meljanac and N. Okada, J. Math. Phys. 46, 033505 (2005).
[5] B. Bajc, A. Melfo, G. Senjanovic´ and F. Vissani, Phys. Rev. D 70 (2004) 035007 [arXiv:hep-ph/0402122].
[6] C. S. Aulakh, Phys. Rev. D 72 (2005) 051702 [arXiv:hep-ph/0501025]. C. S. Aulakh and A. Girdhar, Nucl. Phys. B 711
(2005) 275.
[7] K. Matsuda, Y. Koide and T. Fukuyama, Phys. Rev. D 64 (2001) 053015 [arXiv:hep-ph/0010026]. K. Matsuda, Y. Koide,
T. Fukuyama and H. Nishiura, Phys. Rev. D 65 (2002) 033008 [Erratum-ibid. D 65 (2002) 079904] [arXiv:hep-ph/0108202];
T. Fukuyama and N. Okada, JHEP 0211 (2002) 011 [arXiv:hep-ph/0205066].
[8] H. S. Goh, R. N. Mohapatra and S. P. Ng, Phys. Lett. B 570 (2003) 215 [arXiv:hep-ph/0303055]; H. S. Goh, R. N. Moha-
patra and S. P. Ng, Phys. Rev. D 68 (2003) 115008 [arXiv:hep-ph/0308197]; B. Dutta, Y. Mimura and R. N. Mohapatra,
Phys. Rev. D 69 (2004) 115014 [arXiv:hep-ph/0402113].
[9] K. S. Babu and C. Macesanu, arXiv:hep-ph/0505200.
[10] C. S. Aulakh, arXiv:hep-ph/0506291. ; C. S. Aulakh and S. K. Garg, Nucl. Phys. B 757, 47 (2006) [arXiv:hep-ph/0512224].
[11] C. S. Aulakh and S. K. Garg, arXiv:hep-ph/0612021. ; C. S. Aulakh, Phys. Lett. B 661 (2008) 196 [arXiv:0710.3945
[hep-ph]]. ; C. S. Aulakh and S. K. Garg, Mod. Phys. Lett. A 24 (2009) 1711 [arXiv:0710.4018 [hep-ph]]. ; C. S. Aulakh
and S. K. Garg, arXiv:0807.0917 [hep-ph].
[12] C. S. Aulakh, arXiv:hep-ph/0602132. ; C. S. Aulakh, arXiv:hep-ph/0607252.
[13] B. Bajc, A. Melfo, G. Senjanovic´ and F. Vissani, Phys. Lett. B 634 (2006) 272 [arXiv:hep-ph/0511352].
[14] S. Bertolini and M. Malinsky, arXiv:hep-ph/0504241.
[15] S. Bertolini, T. Schwetz and M. Malinsky, Phys. Rev. D 73, 115012 (2006) [arXiv:hep-ph/0605006].
[16] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 70 (1993) 2845 [arXiv:hep-ph/9209215]. L. Lavoura, Phys. Rev. D48
(1993) 5440 [arXiv:hep-ph/9306297].
[17] P. Minkowski, Phys. Lett. B 67 (1977) 421; T. Yanagida, proceedings of the Workshop on Unified Theories and Baryon
Number in the Universe, Tsukuba, 1979, eds. A. Sawada, A. Sugamoto; S. Glashow, in Cargese 1979, Proceedings, Quarks
and Leptons (1979); M. Gell-Mann, P. Ramond, R. Slansky, proceedings of the Supergravity Stony Brook Workshop, New
York, 1979, eds. P. Van Niewenhuizen, D. Freeman; R. Mohapatra, G. Senjanovic´, Phys.Rev.Lett. 44 (1980) 912.
[18] R. N. Mohapatra, Phys. Rev. D 34, 3457 (1986). A. Font, L. E. Iba´n˜ez and F. Quevedo, Phys. Lett. B228, 79 (1989).
S. P. Martin, Phys. Rev. D46, 2769 (1992). C.S. Aulakh, K. Benakli, G. Senjanovic´, Phys. Rev. Lett. 79 (1997) 2188.
C. S. Aulakh, A. Melfo and G. Senjanovic´, Phys. Rev. D 57, 4174 (1998); [arXiv:hep-ph/9707256]. C. S. Aulakh, A. Melfo,
A. Rasˇin and G. Senjanovic´, Phys. Rev. D 58, 115007 (1998) [arXiv:hep-ph/9712551]. C. S. Aulakh, A. Melfo, A. Rasˇin
and G. Senjanovic´, Phys. Lett. B 459 (1999) 557. [arXiv:hep-ph/9902409].
[19] Talk given at SEESAW25: International Conference on the Seesaw Mechanism and the Neutrino Mass, Paris, France, 10-
11 Jun 2004 (Published in *Paris 2004, Seesaw 25* 45-64) [arXiv:hep-ph/0501244], C. S. Aulakh, arXiv:hep-ph/0506291;
C. S. Aulakh, AIP Conf. Proc. 939 (2007) 31 [arXiv:0707.3204 [hep-ph]]; G. Senjanovic´ ”Theory of neutrino masses and
mixings”, lectures in the Course CLXX of the International School of Physics ”Enrico Fermi”, Varenna, Italy, June 2008.
Published in Measurements of Neutrino Mass, Volume 170 International School of Physics Enrico Fermi Edited by: F.
Ferroni, F. Vissani and C. Brofferio, September 2009.
[20] B. Bajc, I. Dorsˇner and M. Nemesˇek, JHEP 0811 (2008) 007 [arXiv:0809.1069 [hep-ph]].
[21] N. Arkani-Hamed and S. Dimopoulos, JHEP 0506 (2005) 073 [arXiv:hep-th/0405159]. G. F. Giudice and A. Romanino,
Nucl. Phys. B 699, 65 (2004) [Erratum-ibid. B 706, 65 (2005)] [arXiv:hep-ph/0406088].
[22] B. Bajc and G. Senjanovic´, Phys. Lett. B 610 (2005) 80 [arXiv:hep-ph/0411193].
B. Bajc and G. Senjanovic´, Phys. Rev. Lett. 95, 261804 (2005) [arXiv:hep-ph/0507169].
[23] E. Witten, Phys. Lett. B 91, 81 (1980).
[24] B. Bajc, G. Senjanovic´, F. Vissani, Phys. Rev. Lett. 90 (2003) 051802 [hep-ph/0210207], See also: B. Bajc, G. Senjanovic´,
F. Vissani, arXiv:hep-ph/0110310, Presented at International Europhysics Conference on High-Energy Physics (HEP 2001),
Budapest, Hungary, 12-18 Jul 2001. Published in *Budapest 2001, High energy physics* arXiv:hep-ph/2001/198
[25] B. Bajc, A. Melfo, G. Senjanovic´ and F. Vissani, Phys. Rev. D 73 (2006) 055001 [arXiv:hep-ph/0510139].
[26] L. J. Hall, V. A. Kostelecky and S. Raby, Nucl. Phys. B 267 (1986) 415. For recent study and references see: T. Enkhbat,
arXiv:0909.5597 [hep-ph].
[27] W. Grimus and H. Kuhbock, Phys. Lett. B 643 (2006) 182 [arXiv:hep-ph/0607197].
[28] H. S. Goh, R. N. Mohapatra and S. Nasri, Phys. Rev. D 70 (2004) 075022 [arXiv:hep-ph/0408139].
14
[29] B. Bajc, G. Senjanovic´ and F. Vissani, Phys. Rev. D 70, 093002 (2004) [arXiv:hep-ph/0402140].
[30] F. R. Joaquim and A. Rossi, Phys. Rev. Lett. 97 (2006) 181801 [arXiv:hep-ph/0604083]. F. R. Joaquim and A. Rossi,
Nucl. Phys. B 765, 71 (2007) [arXiv:hep-ph/0607298].
[31] T. Hambye and G. Senjanovic´, Phys. Lett. B 582 (2004) 73 [arXiv:hep-ph/0307237].
S. Antusch and S. F. King, Phys. Lett. B 597 (2004) 199 [arXiv:hep-ph/0405093].
[32] M. Frigerio, P. Hosteins, S. Lavignac and A. Romanino, Nucl. Phys. B 806 (2009) 84 [arXiv:0804.0801 [hep-ph]].
[33] L. Calibbi, M. Frigerio, S. Lavignac and A. Romanino, JHEP 0912 (2009) 057 [arXiv:0910.0377 [hep-ph]].
[34] C. S. Aulakh, B. Bajc, A. Melfo, A. Rasˇin and G. Senjanovic´, Nucl. Phys. B 597 (2001) 89 [arXiv:hep-ph/0004031].
[35] M. Drees and J. M. Kim, JHEP 0812 (2008) 095 [arXiv:0810.1875 [hep-ph]].
[36] S. Dimopoulos, S. Raby, F. Wilczek, Phys. Rev. D 24 (1981) 1681. L.E. Iba´n˜ez, G.G. Ross, Phys. Lett. B 105 (1981) 439.
M.B. Einhorn, D.R. Jones, Nucl. Phys. B 196 (1982) 475. W. Marciano, G. Senjanovic´, Phys.Rev.D 25 (1982) 3092.
[37] X. G. He and S. Meljanac, Phys. Rev. D 41 (1990) 1620.
[38] G. R. Dvali and M. A. Shifman, Phys. Lett. B 399 (1997) 60 [arXiv:hep-ph/9612490].
[39] M. Dine, Y. Nir and Y. Shirman, Phys. Rev. D 55, 1501 (1997) [arXiv:hep-ph/9607397].
[40] C.S. Aulakh, A. Melfo, A. Ramı´rez and G. Senjanovic´, in preparation.
[41] M. S. Carena, M. Quiros and C. E. M. Wagner, Phys. Lett. B 380, 81 (1996) [arXiv:hep-ph/9603420].
[42] I. Affleck and M. Dine, Nucl. Phys. B 249 (1985) 361.
[43] M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45.
[44] See e.g. H. Murayama and A. Pierce, Phys. Rev. D 65, 055009 (2002) [arXiv:hep-ph/0108104].
[45] B. Bajc, P. Fileviez Pe´rez and G. Senjanovic´, arXiv:hep-ph/0210374.
[46] For a recent review, see G. Senjanovic´, AIP Conf. Proc. 1200, 131 (2010) [arXiv:0912.5375 [hep-ph]].
[47] See e.g. G. Dvali, arXiv:0706.2050 [hep-th], G. Dvali and M. Redi, Phys. Rev. D 77, 045027 (2008) [arXiv:0710.4344
[hep-th]].
[48] G. Dvali and G. Senjanovic´, in preparation.
[49] As strong advocates of minimality ourselves, we hope that History will forgive us.
